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Abstract 
The mechanical behavior and fracture mechanisms of SHCC member failed in diagonal shear were evaluated both 
experimentally and analytically. Ultra High Performance Strain Hardening Cementitious Composite (UHP-SHCC) 
was applied as structural material. In the analysis, shear transfer model for SHCC was proposed based on its 
characteristics of cracking, that is, multiple fine cracking during strain hardening region and localization in one crack 
during strain softening region. As results, it was confirmed that proposed model was suitable for the mechanisms of 
shear transfer of SHCC and reasonable to predict the behavior of SHCC beam failed in diagonal shear. 
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1. INTRODUCTION
Fiber reinforced cementitious composites with higher ductility, such as strain hardening cementitious 
composites (SHCC), are an attractive material used for repairing and strengthening. Several investigations 
on the advantages of structures repaired by SHCC have been carried out. Lim and Li (1997) found the 
mechanical advantages of an interface crack trapping mechanism within SHCC/RC composites. Horii et 
al. (1998) and Li et al. (2000)applied SHCC to the repair or strengthening of concrete structures, and 
confirmed the effect of ductility of the repair materials on the structural performance. 
Recently, SHCC has been tried to use as the structural members. Committee of Japan Society of Civil 
Engineers has published a guideline for usage of HPFRCC which is one of SHCC (Concrete Committee 
in JSCE 2008). However, mechanical behavior and structural performance of the SHCC member have not 
been clarified in detail because the fracture mechanisms of SHCC are different from concrete. Especially, 
crack propagation behavior of SHCC is completely different from concrete. It is characterized as 
localization after saturating of multiple fine cracks and has much effect on the structural behavior of the 
structural member. 
In this study, in order to clarify the fracture mechanisms of SHCC member failed in diagonal shear, 
SHCC beams were tested and investigated in which Ultra High Performance Strain Hardening 
Cementitious Composite (UHP-SHCC) was applied. Moreover, shear transfer model for SHCC was 
proposed based on the geometrical feature and mechanisms of cracking. By using the proposed model in 
Finite Element Analysis, the mechanical behavior of SHCC beam failed in diagonal shear was simulated 
qualitatively. 
2. Experiment of SHCC beams failed in diagonal shear crack 
2.1. Outline of specimen  
Figure 1 shows the sketch of the specimens used for the experiment of SHCC beams failed in diagonal 
shear. The effective depth of both member are 150mm and the shear spans length are 300mm and 450mm, 
that is a/d=2 and 3 respectively. One rebar of D25 was arranged as longitudinal bar and no stirrup was 
arranged in each beam. Young’s modulus and yield strength of the used D25 rebar were 260GPa and 
1050MPa. Each specimen was loaded under three-point bending setup, and the load and displacement at 
center of the span were measured in the test.  
      
       (a) Specimen with a/d=2                                                                  (b) Specimen with a/d=3 
Figure 1: Details and setup for specimens (unit: mm) 
2.2. Feature of material used (UHP-SHCC) 
Ultra High Performance Strain Hardening Cementitious Composite (UHP-SHCC), with a dense matrix 
was developed by Kunieda et al. (2008 and 2009). UHP-SHCC has a significantly higher tensile strain 
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hardening (up to 2%) at peak strength as well as excellent protective performance. In this study, UHP-
SHCC with high strength polyethylene (PE) (contents of 1.5% in volume, diameter of 0.012 mm, and 
length of 6 mm) was adopted. Water to binder (W/B) ratio was 0.22. and 20% of the cement content was 
replaced by silica fume. Quartz sand (diameter less than 0.5 mm) was used as a fine aggregate, without 
coarse aggregate. Figure 2 shows results of uniaxial tensile test of dumbbell-shaped specimens (cross-
section:10*30 mm) with fixed boundary setup. A Pi-type displacement transducer was glued on each of 
two surfaces of the specimen to measure the opening displacement, Gauge length of the transducers was 
100 mm. Multiple fine cracks occur on specimens after reaching initial strength firstly (crack width 
ranged from 0.05 to 0.15mm), then all specimens exhibit significant strain hardening behavior arose from 
propagation of multiple cracks. However, scattering results are observed (minimize hardening strain and 
maximum one are 0.0055 and 0.0028 in Figure 2a), due to fine silica fumes may gathering together and 
make big particle. The specimens failed after reaching peak strength due to one of multiple cracks 
localized thereafter. The compressive strength and Young’s modulus of UHP-SHCC were 91MPa and 
29GPa.  
         
      (a) Stress-strain relationship                                                      (b) Crack pattern
Figure 2: Stress̢strain relationship and crack pattern obtained from uniaxial tensile tests  
2.3. Experimental result of UHP-SHCC beams 
Figure 3 shows the load-displacement relationship of Specimen with a/d=2 and 3 obtained from the test. 
Figure 4 shows the crack distribution of both specimens at the end of test. It can be clearly seen that one 
diagonal shear crack localized among the multiple fine cracks, and both beams were failed in diagonal 
shear failure as expected. During the test, multiple fine cracks occurred at the bottom of specimen firstly 
at low load level, and then diagonal multiple fine cracks occurred and propagated dominantly in the 
middle of shear span with the increasing of load. Finally, load dropped suddenly due to the localization of 
one of the multiple fine cracks. Collapse of the material near loading plate was also observed in each 
specimen. This behavior is quietly different from RC beam and considered to be affected by the strain 
hardening behavior including multiple fine cracking and localization of UHP-SHCC. 
Vf=1.5%
0.01 0.02 0.03 0.04
2
4
6
8
0
St
re
ss
(M
Pa
) 
Strain
 test
material model
Y.X. ZHANG et al. / Procedia Engineering 14 (2011) 2048–2057 2051
         
               (a) Specimen with a/d=2                                          (b) Specimen with a/d 
Figure 3: Load-displacement curves obtained from shear failure test  
 
(a) Crack distribution of specimen with a/d=2  
 
(b) Crack distribution of specimen with a/d=3  
Figure 4: Crack distribution of the specimen at the end of test 
3. Analytical evaluation of SHCC beams failed in diagonal shear 
3.1. Outline of analysis 
Finite Element Analyses were performed in order to evaluate the mechanical behavior of SHCC beams. 
Constitutive model used in the analysis is Lattice Equivalent Continuum Model (LECOM) developed in 
Nagoya University, which is one of the fixed smeared crack models and consisted of combination of 
tension, compression and shear lattices, as shown in Figure5, and uniaxial stress-strain relationships are 
adopted in each lattice (Itoh et al. 2004).  
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Figure 5: Diagram of Lattice Equivalent Continuum Model 
The stress-strain relationship of UHP-SHCC under tension used in analysis is modeled by tri-linear 
curve as shown in Figure 6(a). Point A and B are defined by the results of material model of uniaxial 
tensile tests as shown in Figure 2 (red line). By using the element size dependency stress-strain 
relationship in softening area considering the absorbed energy, a unique load-displacement relationship 
can be obtained independent on element size. Therefore, the strain of point C, which can indicate the 
slope of linear softening branches for tension, is represented by Eq.(1) considering the tension fracture 
energy (Gft) in localized element. In the analysis, lower bound of the material response was assumed, as 
shown in Figure 2, because an increase in specimen size leads to decrease in elongation performance due 
to the size effect (Kunieda et al. 2010). 
The stress-strain relationship of UHP-SHCC under compression used in analysis can be modeled by 
compression softening model. In the model, Saenz equation is used up to the compressive strength and a 
linear softening branch is assumed as shown in Figure 6(b). The slope of linear softening branch is 
defined by considering the compression fracture energy (Gfc) in order to avoid element size dependency 
as well as tensile behavior. 
                      
(a) Under tension                      (b) Under compression 
Figure 6: Stress-strain relationship of UHP-SHCC  
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where, ıB , İB and İC are stress at point B and strain at point B and C, respectively. Lelm is element size 
(mm), įd and Gft are the measured opening displacement (mm) and absorbed energy (N/mm) after 
reaching hardening strain (ıB) in uniaxial tensile test respectively. 
       
(a) Assumed cracked surface (Itoh et al. 2004)             (b) Contact area 
Figure 7: Shear stress transfer behavior 
In LECOM, Shear transfer model is constructed by considering the mechanism of shear stress transfer 
(Itoh et al. 2004)., such as, shear deformation and aggregate interlocking action on the crack surface, as 
shown in Figure 7(a). In the model, crack surface is modeled as simple geometry with series of triangle 
and contact stress perpendicular to the incline surface is considered. Usually half of maximum coarse 
aggregate size is assumed as asperity height for normal concrete, and the common values of ș and 
asperity height for normal concrete are 50° and 10mm respectively. In UHP-SHCC, no course aggregate 
used and only quartz sand with diameter less than 0.5mm. Therefore, the ș of 50° and asperity height of 
0.25mm are adopted for proposed model. Moreover, as an increase in crack width makes contact area of 
crack decrease, additional coefficient representing the contact rate relating with crack width is also taken 
into account, as shown in Figure 7(b). Crack width of UHP-SHCC cannot be obtained directly in the 
analysis because occurrence of multiple fine cracks in each element is assumed. In this study, considering 
the crack spacing of two multiple fine cracks observed in the experiment, the changing of crack width is 
determined as equation (2) although multiple fine cracks do not occur at the same moment. In the 
equation (2), the crack width in the range of İA< İ < İB, is defined by the width of a crack of multiple 
cracks, and in the range of İ > İB, the crack width is for a localized crack developed from one of multiple 
cracks.  
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where, lc is the crack spacing between two multiple fine cracks. In this study, lc is equal to 3 mm based on 
the crack pattern obtained by uniaxial tensile test given in Figure 2(b).   
3.2. Analytical model and analytical procedure 
Figure 8 shows the numerical model, the mesh sizes of the model was 30mm in longitudinal direction, 
and 25mm in vertical direction, and the longitudinal reinforcements are modeled by truss elements 
without bond behavior in linkage elements between UHP-SHCC elements and reinforcement elements, 
that is perfect bond was assumed, due to silica fume in UHP-SHCC.  
  
 
(a) Numerical model of specimen with a/d=2   (b) Numerical model of specimen with a/d=3 
Figure 8: Numerical model  
UHP-SHCC is a rich cementitious material with 22% water-bind ratio, large autogeneses shrinkage 
occurs. In the analyses, initial strain of 0.005 was introduced in all elements before loading. 
Addition to the proposed shear transfer model, other shear transfer models as shown in Table 1 were 
used in the analyses in order to evaluate the effect of the shear transfer model. For Case1, crack surface is 
assumed as normal concrete. For Case 2 and 3, crack surface is assumed as UHP-SHCC but changing of 
crack width was different, as shown in Figure 9. Proposed model has some numbers of multiple fine 
cracks with crack space of 3mm in element during strain hardening, and one of them localizes in tension 
softening. Case 1 and 2 have only one crack both in strain hardening and tension softening in element. 
Case 3 has some numbers of multi-fine cracks with crack space of 3mm in element both in strain 
hardening and tension softening.  
  Table 1: Analytical cases  
 parameters 
ș(°) 0.5Gmax(mm) 
Proposed model 50 0.25 
1 50 10 
2 50 0.25 
3 50 0.25 
30mm*40
25mm*8 
Steel plate
30mm*30
25mm*8
Steel plate 
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  
Figure 9: Numerical model  
3.3. Analytical results and discussions 
Figure 10 shows the comparison of load-displacement curves. Black line show the result of the 
proposed model and red, blue and green line show the result of case 1, 2 and 3, respectively. For case1, 
although crack surface was assumed as normal concrete which is much rougher than UHP-SHCC, load 
carrying capacity was underestimated because contact surface on the cracks decreased rapidly due to 
consideration of single crack in each element. For case2, the load carrying capacity was smaller than 
proposed model, because multiple fine cracks considered in strain hardening phase of proposed model, 
while localized single crack considered in case 2, and multiple fine cracks can transfer higher shear stress 
than the case of localized single crack. For case3 and proposed model, the behaviors are almost the same 
until peak load. In post peak region, softening blanch of proposed model was steeper than case3 in both 
cases. It means that the load carrying capacity depends on the shear transfer behavior and localization in 
tensile behavior also has much effect on the mechanical behavior of the beam. An agreement of load 
carrying capacity can be seen between the results of experiment and proposed model in both cases. It is 
confirmed that the proposed model is reasonable to simulate the behavior of SHCC beams failed in 
diagonal shear. 
            
           (a) Specimen with a/d=2                    (b) Specimen with a/d=3 
Figure 10: Analytical results of load-displacement relationship 
Figure 11 shows the crack pattern at pre and post peak region (point 1 and 2) obtained in the analysis. 
Red line shows the cracking element in which strain value is less than İB (multiple cracks), and blue line 
shows localized crack which the strain value is larger than İB. It can be clearly seen that the multiple fine 
cracks occurred in pre-peak region and localization in shear span occurred in post-peak region. Figure 12 
shows the strain distribution in post peak region (point 2). As shown in figure 10, tensile strain 
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perpendicular to the crack also localized. Moreover, compressive strain parallel to the crack is 
concentrated near loading plate which is similar with the experimental results. It suggested that the 
compressive failure near loading plate also occurred during diagonal shear failure. Thus, it is concluded 
that the analysis using proposed model is useful for investigate the mechanical behavior of SHCC beams. 
                  
 (a) Specimen a(Left: Point 1, Right: Point2) 
    
 
(b) Specimen b(Left: Point 1, Right: Point2) 
Figure 11: Crack distribution pattern at pre- and post-peak region  
          
Perpendicular to the crack                                                Parallel to the crack 
(a) Specimen a 
       
           Perpendicular to the crack                                    Parallel to the crack 
(b) Specimen b 
Figure 12: Perpendicular and parallel strain distribution of cracks for proposed model 
4. CONCLUSIONS 
In this study, the test of SHCC beams failed in diagonal shear was investigated, and the behavior of 
shear failure of SHCC beams was evaluated numerically considering behavior of shear stress transfer and 
effect of multi-fine cracks. 
1. In the shear failure of SHCC beams test, multi-fine cracks propagated dominantly in shear direction 
with the increasing of load level, and load dropped suddenly due to the localization of one of the 
multiple fine cracks finally. This behavior is quietly different from RC beam and may be due to 
strain hardening behavior of UHP-SHCC. 
2. The analytical model, multi-fine cracks occur in every element during strain hardening phase and 
one crack localizes during tension softening phase, was proposed, considering the approximate 
parameters of shear transfer behavior of cracked surface.  
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3. The behavior of SHCC beams failed in diagonal shear could be evaluated numerically by applying 
shear transfer model and using the uniaxial tensile behavior.  
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